INTRODUCTION
A biosensor provides real-time analytical information about the reaction between an analyte and a biorecognition system on an electrode surface; the byproduct of the reaction is in the form of ions that are converted into an electrical signal by a solid-state transducer [1] . Understanding the phenomenon occurring at the electrode-solution interface is crucial to understand the detection mechanism of a biosensor and to improve the sensitivity and response time, especially if the biosensor is to be used to detect a minute amount of analyte molecules. [2] . Electrochemical characterization by cyclic voltammetry (CV) plus electrochemical impedance spectroscopy (EIS) is a relevant analytical technique to fundamentally understand what occurs at the electrode-solution interface.
CV involves a complete potential sweep scan in both positive and negative directions and is often used to quantify the oxidation and reduction potentials of an analyte solution at the electrode-solution interface. Furthermore, a CV is used to assess the reversibility of an electrochemical reaction when electrodes are analyzed in a redox-active solution [1] , [3] , [4] . In EIS, the impedance due to the presence of adsorbed species on the electrode surface is determined by supplying an AC voltage perturbation of small amplitude and observing the current response. The Nyquist plots obtained from the measurements showing real (Z') versus imaginary (Z") impedance are analysed using a Randles equivalent circuit, which describes the typical behavior of an enzyme-based biosensor by looking at the impedance at the electrode-solution interface. [5] - [7] .
In this study, screen-printed carbon electrodes (SPCEs) modified with the conductive polymer poly(3,4-ethylenedioxythiophene):polystyrenesulfonic acid (PEDOT:PSS) and graphene oxide (GO) or partially reduced graphene oxide (prGO) were used to understand electrontransfer kinetics and impedance at the electrode-solution interface. These electrodes are intended to improve the detection limit of glucose sensors for noninvasive use. The aforementioned materials are included to improve the transduction, thus improving sensor sensitivity and detection limit in order to detect glucose at the minute concentrations available in saliva or tears [8] - [10] .
Glucose oxidase (GOx) crosslinked with glutaraldehyde was immobilized on the surface of the modified electrode, functioning as the biorecognition system and as a model enzyme to study the effect of enzyme immobilization for biochemical sensing. A complete modified electrode with an immobilized enzyme denoted as GOx/prGO-PEDOT:PSS/SPCE, was fabricated to detect changes in glucose concentration. We do not calibrate the sensors with known glucose concentration; the immobilization of GOx on the electrode surface is to compare the performance of the electrodes with and without immobilized enzyme. In the presence of glucose, direct electron transfer from the electroactive site of the GOx enzyme can be explained by equation (1) and (2) [11]- [14] :
The glucose analyte binds specifically to the active site of the GOx and catalyzes the oxidation of glucose to gluconolactone as shown in Figure 1 . The reaction then converts the flavin adenine dinucleotide (FAD)-electroactive center in GOx to the reduced form FADH2 and produces two electrons that will be transduced by the prGO-PEDOT:PSS nanocomposite layer [8] , [15] . 
II. MATERIALS AND METHODS

A. Chemicals and Reagents
Screen-printed carbon electrodes (SPCEs) with a working electrode 2 mm in diameter were purchased from Pine Instruments, Grove City, Pennsylvania, USA. Ultra-highly concentrated single-layer graphene oxide (UHC GO), 6.2 mg/ml, was purchased from Graphene Supermarket (https://graphene-supermarket.com), USA. Poly(3,4-ethylenedioxythiophene):polystyrenesulfonic acid (PEDOT:PSS), phosphate-buffered saline (PBS) tablets, glutaraldehyde, and glucose oxidase (GOx) (G0563) were purchased from Sigma-Aldrich, St. Louis, MO, USA. Potassium ferricyanide (K3[Fe(CN)6]), Potassium ferrocyanide (K4[Fe(CN)6]٠3H2O), and sulfuric acid (H2SO4) were purchased from R&M Chemicals, Selangor, Malaysia. Deionized (DI) water was used to prepare the solutions.
B. Fabrication of GOx/prGO-PEDOT:PSS/SPCE
The SPCEs were activated via CV at 3 cycles in 0.1 M H2SO4 solution with an anodic potential of 2.5 to -2.5 V and a scan rate of 100 mV/s [16] . Activation of screen-printed electrodes with high anodic potential helps improve voltammetry responses and increases the surface roughness of the electrode interface [17] , [18] . Following activation, the electrodes were rinsed with DI water.
A 3-µl volume of GO-PEDOT:PSS (ratio 1:1) was dropcast onto the working electrode of the SPCE and dried in ambient conditions for 1.5 hours. The GO-PEDOT:PSSmodified electrode underwent a reduction process via CV for 15 cycles with a potential range from 0 to -1.5 V and a 50 mV/s scan rate in 0.01 M PBS, pH 5.0 [19] . An acidic PBS helps in promoting electrochemical reduction of GO to prGO owing to excess H + ions [20] , [21] . The prGO-PEDOT:PSSmodified SPCE was rinsed with DI water and dried at ambient temperature. For enzyme immobilization, 50 µl GOx solution was mixed with 20 µl of 2 % vol glutaraldehyde. Three µl of the mixed solution was drop-cast onto a prGO-PEDOT:PSS/SPCE and dried in ambient conditions for 24 hours to produce a GOx/prGO-PEDOT:PSS/SPCE [8] . Electrochemical characterization of the modified electrodes was performed using a pocketSTAT (IVIUM Technologies, Eindhoven, The Netherlands).
C. Cyclic Voltammetry
CV measurements for the modified electrodes were performed in 0. 
, v is the scan rate (V/s), and n is the number of moles of electrons transferred per mole of electroactive species, which in this case is one (1) [22] .
D. Electrochemical Impedance Spectroscopy
Measurements for EIS were performed in 0.01 M PBS pH 7.4 containing 5 mM K4[Fe(CN)6]/K3[Fe(CN)6] (1:1) as redox probe. The frequency was scanned from 100 kHz to 0.1 Hz with 20 mV amplitude, 0.25 V applied potential and current range of 10 µA. Nyquist plots showing real (Z') versus imaginary (Z") impedance were plotted and used to determine the charge-transfer resistance, Rct (Ω), Warburg impedance, Zw (Ω), and solution resistance Rs (Ω). Statistical analysis for comparing the differences in the Rct values between different electrodes were carried out by initially testing for variance homogeneity using the Fligner-Killeen method. Upon verification of data homoscedasticity, one-way ANOVA, was used to identify the presence of any significant differences.
Post-hoc testing for significant differences between each modification was then done using the Tukey procedure. Figure 2 shows CV profiles at different scan rates for a prGO-PEDOT:PSS-modified SPCE. As the scan rate increases, the anodic and cathodic peak current increases. The Randles-Sevcik equation (1) describes the dependence of the peak current on the scan rate, and the Cotrell linear plot observed (shown in the inset of Figure 2 ) has R 2 = 0.9997; this plot indicates that the transfer of electrons on the surface of the electrode is diffusion-limited [3] , [22] . A faster scan rate typically leads to a decrease in the diffusion layer and an increase in the peak current. A slight shift in the peak current at different scan rates suggests that the electron-transfer process is electrochemically quasi-reversible and the electron transfer takes place between the electrode and molecules in the electrolyte solution [3] . Forward scan (oxidation) and backward scan (reduction) of a CV are described in equations (5) and (6) CVs were recorded after each modification of the electrode, as shown in Figure 3 . The apparent shift of the anodic peak potential from Epa = 0.25 V (SPCE) to Epa= 0.37 V (GO-PEDOT:PSS/SPCE) and Epa = 0.34 V (prGO-PEDOT:PSS /SPCE) suggests that the nanocomposites used as the transducer layer are changing the kinetics of the electrontransfer process on the surface of the electrode.
III. RESULTS AND DISCUSSION
A. Cyclic Voltammetry
Immobilization of glucose oxidase resulted in a significant shift of the anodic peak potential (Epa = 0.58 V). In comparison to the bare electrode and GO-PEDOT:PSS, the prGO-PEDOT:PSS nanocomposite has a higher electrical conductivity, which leads to a relatively faster electron transfer. The reduction of GO to prGO increases the surface area for electron transfer while maintaining functional groups for enzyme immobilization [10] , [24] . The anodic peak current obtained from Figure 3 (relative to its respective baseline) for the SPCE, GO-PEDOT:PSS/SPCE, prGO-PEDOT:PSS/SPCE, and GOx/prGO-PEDOT:PSS/SPCE is 0.318 mA, 0.397 mA, 0.793 mA, and 0.694 mA, respectively. Using equations (3) and (4) The reduction of GO to prGO could be the possible reason for the increase in the effective surface area. The addition of GOx decreases the effective surface area as a result of the enzyme immobilization on the prGO surface. Partially reduced graphene oxide (prGO) is a semi-reduced form of graphene with restored sp 2 lattice and some amount of oxygencontaining groups (carbonyl, carboxyl, hydroxyl, and epoxide groups) on the basal plane and edges of carbon atoms [25] , [26] . In contrary to GO, which has insulative properties, the π conjugation of prGO is semi-restored, maintaining the conductivity of the material [27] . PEDOT:PSS has an advantage over other types of conducting polymer owing to its high conductivity, excellent stability in the oxidized state, and transparent nature. PEDOT:PSS also helps prevent stacking of graphene layers, making an ideal combination when mixed with GO [10] , [28] . The structure of the prGO and PEDOT:PSS could potentially assist the heterogeneous electron transfer between a chemical species and the solidstate transducer layer, making the nanocomposite ideal for glucose biosensing. 
B. Electrochemical Impedance Spectroscopy
Figure 4(a) shows Nyquist plots obtained from EIS measurements of each modified electrode. The impedance spectroscopy is analyzed by the Randles circuit (inset of figure  3) . A typical Randles circuit includes the solution resistance (Rs), charge-transfer resistance (Rct), Warburg impedance (Zw), and double-layer capacitance (Cdl). Rs refers to the resistance between the solution containing ions at a certain concentration and the electrochemical cell, Rct refers to the electron transfer produced by a redox reaction at the electrode interface, Zw indicates the impedance of the electrons due to the diffusion interface between bulk solution and the electrode interface, and Cdl is the capacitance obtained from stored charge in the double-layer region on the electrode interface [5] , [6] , [29] , [30] .
The semicircular region of the Nyquist plot at each modification of the electrode corresponds to the electron transfer-limited process (where Rct becomes dominant) [31] . The charge-transfer resistance for SPCE, GO-PEDOT:PSS/SPCE, prGO-PEDOT:PSS/SPCE, and GOx/prGO-PEDOT:PSS/SPCE is 430 µΩ, 148.2 Ω, 200.7 Ω, and 209.6 Ω, respectively (Figure 4b ). We initially anticipate the prGO-PEDOT:PSS/SPCE and GOx/prGO-PEDOT:PSS/SPCE electrodes to have lower Rct owing to the removal of oxygenated groups from the basal and edge planes of GO. However, Rct of prGO-based composites with or without GOx was found to increase, probably as a result of competing interaction between prGO and PEDOT:PSS. Several studies show that PEDOT:PSS is a stable hole conductor which could result in Rct being lowered when combined with GO [32] , [33] . Further investigation into the composite properties is needed to verify the results and to provide better insights.
Statistically, the differences in Rct values for all modifications in comparison with the bare, SPCE electrode were highly significant, with adjusted p-values lesser than 0.0001. The increase in Rct in prGO-PEDOT:PSS/SPCE and GOx/prGO-PEDOT:PSS/SPCE electrodes were moderately significant, when compared with that of the GO-PEDOT:PSS/SPCE, with p-values lesser than 0.05. Whereas, the Rct between that of prGO-PEDOT:PSS/SPCE and GOx/prGO-PEDOT:PSS/SPCE were not significantly different.
The linear region, which is clearly observed in the SPCE, the GO-PEDOT:PSS/SPCE, and the prGO-PEDOT:PSS/SPCE, corresponds to the diffusion-limited electron-transfer process. Furthermore, the linear plots observed could suggest that the electrode impedances are based on the Warburg impedance properties that involve diffusion of electron from a bulk solution [5] , [6] , [29] , [31] , [34]- [36] .
Partially reduced graphene oxide is believed to improve electron-transfer at the electrode-solution interface and increase electroactive surface area compared to GO [10] . With the presence of the enzyme in a GOx/prGO-PEDOT:PSS/SPCE, the slope of the linear curve decreases, possibly as a result of adsorption of the enzyme onto the transducer layer, which will then promote a more resistive behavior for the electron transfer [36] . Therefore, for the purpose of developing a glucose biosensor, a prGO-PEDOT:PSS-modified electrode offers a sensing platform that can enhance the sensitivity of electrodes for glucose detection. 
IV. CONCLUSION
The performance of the SPCE, GO-PEDOT:PSS/SPCE, prGO-PEDOT:PSS/SPCE, and GOx/prGO-PEDOT:PSS/SPCE was analyzed via CV and EIS. From the CV, the modified electrode prGO-PEDOT:PSS/SPCE has the largest effective surface area of 0.219 mm 2 and the largest peak current 0.793 mA. EIS analysis shows an increase in Rct of the prGO-PEDOT:PSS/SPCE with charge-transfer resistance (Rct) of 200.7 Ω compared to that of GO-PEDOT:PSS/SPCE Rct of 148.2 Ω. Tested with the presence of immobilized enzyme, the GOx/prGO-PEDOT:PSS/SPCE has an effective surface area of 0.694 mm 2 and charge-transfer resistance of Rct = 209.6 Ω. The results obtained indicate that the EIS and CV analyses are crucial in understanding electron transfer at the electrode-solution interface that can inform better fabrication methods of electrodes for improved glucose detection.
